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Thermal Performance of Load-Bearing Walls made of Cold-formed Hollow 
Flange Channel Sections in Fire  
Sivakumar Kesawan and Mahen Mahendran 
Queensland University of Technology, Brisbane, QLD 4000, Australia 
 
Abstract: Typical load-bearing LSF walls are made of conventional lipped channel section 
studs and gypsum plasterboards. Current research at the QUT is investigating the effects of 
using new thin-walled stud sections on the fire resistant rating of LSF walls, in particular the 
use of Hollow Flange Channel (HFC) sections. A sound knowledge on the thermal 
performance of these LSF walls is essential, but expensive and time consuming nature of fire 
tests has acted as a barrier. In this study finite element models were developed to predict the 
thermal performance of load bearing LSF walls made of HFC section studs exposed to fire on 
one side. The developed models were validated using the results of five full scale standard 
fire tests of LSF walls. They were then extended to perform a parametric study where the 
effects of stud dimensions, geometries, spacings and wall configuration were evaluated. The 
hot and cold flange time-temperature profiles of HFC studs were developed as a function of 
the above parameters, which can be used to predict the FRR of LSF walls. This paper 
presents the fire tests, and details of the developed finite element models and the thermal 
performance results of LSF walls made of HFC studs.  
Keywords: LSF walls, Hollow flange channel sections, Thermal performance, Finite element 
analysis, Fire 
 
1. Introduction 
Load-bearing Light gauge Steel Frame (LSF) wall systems used in residential and office 
buildings are commonly made of cold-formed steel frames and fire resistant gypsum 
plasterboards. These walls must have a good fire resistance rating for the safety of building 
occupants and property damage reduction during fire accidents. The fire resistance ratings 
(FRR) of these walls are provided by the plasterboard manufacturers based on full scale 
standard fire tests. The time consuming and expensive nature of the full scale fire tests have 
inhibited innovations and flexibility in LSF wall construction, i.e., innovative cold-formed 
section profiles and new wall configurations are not used.  
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LSF walls are commonly fabricated using conventional Lipped Channel Section (LCS) studs 
[1, 2]. However, structurally more efficient sections are available such as the hollow flange 
channel (HFC) sections for use as wall studs (Fig. 1). The versatility in manufacturing 
(screw/rivet fastened and welded HFC sections in Fig. 1), elimination of distortional buckling 
and increased local buckling capacity due to the absence of free edges and increased 
connectivity between the plasterboard and steel studs due to the penetration of screws 
through both the inner and outer flanges (see Fig. 2) are some of the benefits of using HFC 
section studs in LSF walls. However, the unavailability of fire performance data had acted as 
a barrier in using HFC section studs in LSF walls. To overcome this shortcoming, five full 
scale standard fire tests were conducted at the Queensland University of Technology (QUT) 
fire research laboratory on LSF walls made of welded HFC sections known as LiteSteel 
Beams (LSB) [3, 4]. These tests demonstrated a superior fire performance of LSF walls made 
of HFC section studs. Structural finite element modelling [5] or design equations can be used 
to predict the FRR of LSF walls if the time-temperature profiles of HFC section studs are 
known when they are exposed to a standard fire curve on one side. 
 
Time-temperature profiles of LSF wall studs under fire conditions depend on the stud sizes 
and profiles, the types of wall configuration and the fire curves, and they significantly affect 
the FRR of LSF walls. However, engineers and researchers do not have sound knowledge of 
this, and thus are not able to predict the FRR of LSF walls made of HFC section studs 
without testing them. Due to the expensive and time consuming nature of fire tests, large 
number of tests cannot be conducted to obtain the required time-temperature profiles of 
different LSF walls. Development of thermal performance data (time-temperature profiles) of 
LSF wall systems made of HFC section studs will provide an improved understanding of the 
FRR of LSF walls, and enable a performance based approach to the fire design of LSF walls. 
 
In the past Feng et al. [6], Thomas [7], Keerthan and Mahendran [8, 9] and Shahbazian and 
Wang [10] have successfully used finite element analyses to predict the thermal performance 
of LSF walls. However, their studies were limited to LSF walls made of open conventional 
LCS studs. Kesawan and Mahendran [3], compared the measured time-temperature profiles 
of LSF walls made of HFC and LCS studs, and found considerable differences between them. 
Further, only limited research has been conducted on the fire performance of cold-formed 
LSF walls made of gypsum plasterboards used in Australia. Therefore in this study, finite 
element models were developed to predict the thermal performance of LSF walls made of 
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welded HFC section (LSB) studs (Fig. 1(b)) exposed to standard fire on one side. This paper 
presents the procedures, suitable boundary conditions, elevated temperature thermal 
properties of materials and special techniques used in the modelling of LSF walls. It also 
reports the Finite Element Analysis (FEA) and test results including the time-temperature 
profiles of plasterboard and HFC stud surfaces. A summary of the full scale fire tests used to 
validate the developed thermal finite element models is also given in this paper. Finally it 
presents the results of an extensive parametric study performed to investigate the effects of 
stud sizes and profiles, stud spacings and types of wall configuration on the time-temperature 
developments in LSF walls made of HFC section studs.  
 
2. Experimental Study 
Five full scale fire tests of load bearing LSF walls made of cold-formed and welded 
150x45x15x1.6 mm HFC section/LSB (Fig. 1(b)) studs and lined with fire resistant gypsum 
plasterboards were conducted (Figs. 3-5). The wall panels were of 2100 mm in width and 
2400 mm in height. Four LSBs were spaced at 600 mm and connected to 151x50x1.9 mm 
G450 channel tracks at both ends using 10g x 16 mm flat head screws to form the cold-
formed steel frame. 16 mm Firestop gypsum plasterboard layers, manufactured by Boral 
Plasterboard based on AS/NZS 2588 [11], were attached using 50 mm long 8g bugle head 
screws as lining materials on both sides of the fabricated frame, where inner and outer 
plasterboard layers were attached vertically and horizontally, respectively (Figs. 5(a) to (c)). 
The screw spacing was maintained at 300 mm, but along the joints it was 200 mm. In Test 
panel 4, two layers of 25 mm thick ROXUL® Stonewool MPS 400 rock fibre insulation were 
placed inside the cavity next to the inner fire side plasterboard layer (Fig. 4(c)). In these 
walls, the inner fire side plasterboard layers had two vertical joints on top of Studs A and C 
while the outer plasterboard layer had one horizontal joint (Fig. 5). These joints were sealed 
using the joint sealant (BaseCote 90(TM)) and cellulose based joint tape of 50 mm wide, 
manufactured by Boral Plasterboard. Three different wall configurations; uninsulated and 
insulated LSF walls lined with single and dual plasterboard layers subjected to different load 
ratios were considered (Fig 4).  
 
The applied load ratio is a variable in the fire tests where it was varied from 0.2 to 0.6. The 
ambient temperature ultimate capacity of the used LSB stud of 2.4 m in length and restrained 
by plasterboards was found to be 207 kN, thus the applied loads on each stud during fire tests 
were 41.5, 83.0 and 124.5 kN for the three load ratios of 0.2, 0.4 and 0.6 considered in this 
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study (Table 1). The wall was placed and loaded in such a way that it acted as a fourth side of 
the furnace of 2.1x2.4x0.3 m dimensions (Fig. 3), and the wall was well sealed using ISO 
wool insulation to avoid the ambient air flow into the furnace. One side of the wall panel was 
exposed to temperatures given by the ISO 834 [12] standard fire time-temperature curve after 
each stud was subjected to an axial compression load based on the selected load ratio. Fire 
test details and results are summarised in Table 1. Further information can be found in 
Kesawan and Mahendran [3]. 
 
K type thermocouples with an accuracy of +/- 2.5oC or 0.0075T (T is the temperature) in a 
range of -200 to 1100oC were used to measure the temperature variations in the plasterboard 
and steel stud surfaces. The temperatures were measured on the fire side plasterboard surface 
(FS), interface between the two fire side layers (Pb1-Pb2), the surface of the inner fire side 
plasterboard layer exposed to cavity (Pb2-Cavity), the ambient side inner plasterboard surface 
exposed to cavity (Cavity-Pb3), the interface between the two ambient side plasterboard 
layers (Pb3-Pb4) and the ambient side (AS) (Fig. 4). On each face of the plasterboard layers, 
five thermocouples were attached. Thermocouples were attached to the steel stud on both 
inner and outer hot flanges, mid-web and inner and outer cold flanges at three locations; 
0.25h, 0.5h and 0.75h (h is the stud height). These measured time-temperature profiles were 
used in the finite element model validations.  
 
3. Model Development 
3.1. Development of Models Using SAFIR 
SAFIR is a special purpose software developed at the University of Liege to simulate the fire 
behaviour of structures [13]. In the past many researchers [7, 8] have successfully used this 
software in many applications. In this study SAFIR was used to model and analyse the 
thermal performance of LSF walls made of HFC section studs under fire conditions. 
 
During our fire tests, the fire side (FS) plasterboard surface was exposed to standard fire [12] 
time-temperature curve while the ambient side (AS) was exposed to ambient conditions. The 
heat exchange with the environment at these boundaries of the LSF wall occurs by 
convection and radiation. SAFIR uses a linear convection model and the law of grey bodies 
to model the convective and radiative heat transfer at these boundaries. The heat flux at the 
fire side boundary of the LSF wall is computed from Eq. 1. 
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            (1)  
where; q is the total heat flux, ε is the relative emissivity (0.9), σ is the Stefan-Boltzmann 
constant (5.67x10-08 W/m2/K4), Tg and Ts are the furnace/gas and surface temperatures, 
respectively, and h is the convective coefficient.  
 
Heat transfer occurs across the plasterboards, insulations and steel studs through 
conductance, and this heat transfer is solved using Fourier series in SAFIR. SAFIR permits 
internal cavities (voids in LSF walls) in two-dimensional analysis, with radiation and 
convection modelled along void boundaries, and this heat transfer is based on the following 
hypothesis; there is no heat transfer by conduction within the air inside the cavity, the specific 
heat of the air in the cavity is neglected, and the air in the cavity is transparent to radiation. 
 
In this study, 2D LSF wall models were developed in SAFIR to predict the thermal 
performance of LSF walls made of HFC section studs under fire conditions. 2D models are 
considered adequate as the temperature distribution does not vary much with LSF wall height 
during fire. GiD was used as pre- and post-processors in modelling LSF walls made of HFC 
section studs. Fig. 6 presents the modelling sequence. Initially, the LSF wall surfaces were 
defined in GiD using the lines drawn, which was followed by the assignment of materials to 
the defined surfaces. Thereafter meshes were generated. In 2D modelling, triangular or 
quadrilateral meshes can be created in GiD. In this study, 8 mm mesh size was used. 
Keerthan and Mahendran [8] provides further details on the mesh sizes and shapes. The 
standard fire [12] time-temperature profile is embedded in SAFIR. The user is also able to 
incorporate different time-temperature profiles, i.e. Eurocode parametric curves were inserted 
into the model to conduct a parametric study (refer Section 5.7). 
3.2. Limitations of SAFIR in Modelling LSF Walls under Fire Conditions 
Although SAFIR is used widely for the thermal analyses of LSF walls and other building 
elements, there are some deficiencies and limitations in modelling the thermal performance 
of LSF walls under fire conditions. Shrinkage cracks, partial plasterboard fall-off and 
moisture movement in LSF walls cannot be explicitly modelled in SAFIR.  
 
In LSF walls, plasterboards shrink as the temperature increases and after sometime cracks 
develop on the plasterboard surfaces. These effects cannot be included in the models directly, 
but they were implicitly included in the modelling by using the apparent thermal conductivity 
values for gypsum plasterboards (Fig. 7(c)). Heat is transferred through mass transfer of the 
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evaporated water in LSF walls. However, mass transfer cannot be simulated in SAFIR. Ang 
and Wang [14] used heat and mass transfer analyses to simulate moisture movement in 
plasterboards, and proposed a modification factor for the specific heat of plasterboards. 
However, their results were restricted to a single plasterboard layer and are not likely to be 
accurate for full scale wall panels in which moisture movement can occur within 
plasterboards and cavity space. The majority of the mass transfer process takes place before 
the hot flange reaches 200oC, and the significant influence of mass transfer occurs only 
within this region. Previous researchers [7, 8] stated that the mass transfer influences the heat 
transfer across the cavity at temperatures below 120oC. Therefore the mass transfer process 
can be ignored as this region is hardly of any importance in finding the FRR of LSF walls. 
 
LSF walls’ inner plasterboard layers have vertical joints on studs, and these joints cause 
significant localised temperature rise in the outer hot flange of the studs with vertical joints. 
Therefore this joint effect on the temperature developments in studs is very complex to model 
in SAFIR as it is difficult to quantify the joint quality. Therefore in this study finite element 
models were developed by omitting the effect of joints on the stud temperature development 
under fire conditions.  
 
Stud B is one of the middle studs without any vertical joints (Figs. 4 and 5), and its 
temperatures were not affected by the vertical joints in the inner plasterboard layer (Pb2). 
Therefore Stud B temperatures along with the plasterboard surface temperatures were used to 
validate the developed SAFIR models. Although the developed models cannot be used to 
predict the temperatures of studs with vertical joints, they can predict the temperature 
development in studs without vertical joints. Also these models are able to predict the 
plasterboard surface temperatures at locations other than where the joints exist as discussed in 
Section 4. 
3.3. Elevated Temperature Thermal Properties of Materials  
In assessing the fire performance of LSF walls, elevated temperature thermal properties such 
as specific heat, convective co-efficients, density and thermal conductivity of LSF wall 
components (plasterboard, steel and cavity insulation) are essential for the accurate 
predictions of the thermal performance of LSF walls under fire conditions. 
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3.3.1. Plasterboard 
Specific heat of a material is the heat required to increase its temperature. Fig. 7(a) presents 
the elevated temperature specific heat values of gypsum plasterboards proposed by Sultan 
[15], Feng et al. [6], Thomas [7] and Keerthan and Mahendran [16]. These values include the 
amount of heat required for the dehydration of the free and chemically bound water present in 
the plasterboards. Keerthan and Mahendran [16] stated that the first and second dehydration 
reactions occur between 100 to 150ºC and 150 to 200ºC, respectively. Gypsum plasterboard 
density also varies from one country to another or even between one manufacturing company 
to another due to the variation in the amount of moisture content and entrained air within the 
gypsum core. Mehaffy et al. [17], Sultan [15], Thomas [7] and Keerthan and Mahendran [16] 
proposed relative density values with increasing temperature as shown in Fig. 7(b). The 
sudden drop observed between 100 to 200oC is due to the loss of water in the gypsum 
plasterboards during its dehydration process.  
 
The gypsum plasterboards used in this experimental study and Keerthan and Mahendran [16] 
were sourced from the same Australian manufacturer, Boral Plasterboard. Therefore their 
proposed elevated temperature specific heat and density values are the most suitable to 
simulate the heat transfer of the tested LSF walls made of HFC section studs under fire 
conditions using SAFIR, and thus they were used in this study.  
 
Enthalpy is the amount of energy absorbed by a material which is given by the area under the 
specific heat versus temperature curve (Eq. 2). SAFIR uses enthalpy based equations to 
model the heat transfer, and this increases the accuracy of the results as gypsum 
plasterboards’ elevated temperature specific heat values have sudden peaks.  
 
                         (2) 
Where; E(T), Cp (T) and )(T are the enthalpy in kJ/kg, the specific heat in J/kg/ºC and the 
density in kg/m3 at temperature, T and TA is the ambient temperature 
Keerthan and Mahendran [16] proposed suitable values for the convective co-efficient (25 
and 10 W/m2/K on the exposed and unexposed sides, respectively) and emissivity (0.9 on the 
exposed and unexposed sides) for gypsum plasterboards used in Australia. These values are 
very close to those used by other researchers and those given in Eurocode 1 [18]. Further, 
dTTTCTE
T
T
P
A
)()()( 
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Keerthan and Mahendran [16] conducted a detailed sensitivity study on the effects of 
emissivity and convective co-efficient values of gypsum plasterboards on the time-
temperature profile developments in LSF wall studs. Their recommended values were used in 
this study.  
 
Thermal conductivity measures the ability of materials to transfer heat by conductance. 
Sultan [3], Feng et al. [6], Thomas [7, 19] and Keerthan and Mahendran [8] proposed 
elevated temperature thermal conductivity values of gypsum plasterboards (see Fig. 7(c)). 
Small cracks develop in plasterboards at higher temperatures because of the shrinkage of 
plasterboards. Partial plasterboard fall-off and ablation could occur at higher temperatures. 
Increment in heat flow due to these effects was taken into account in the modelling by 
modifying the thermal conductivity values of gypsum plasterboards. The proposed 
modified/apparent thermal conductivity values by all the researchers are very close up to 
800oC, after which they varied significantly, and these variations were due to the differences 
in chemical components, fall-off temperatures and shrinkage crack patterns of plasterboards 
used by them.  
 
Keerthan and Mahendran [8] proposed suitable apparent thermal conductivity values for 
gypsum plasterboards manufactured by Boral Plasterboard in Australia, based on their 
experimental and numerical studies of LSF walls made of LCS studs (Table 2). However, 
these apparent values may not be suitable for the wall panels tested in this study as the stud 
and track sections, screw sizes, and plasterboard to stud connections used in this study were 
different to those of Keerthan and Mahendran [8]. Therefore preliminary thermal analyses 
were performed using Keerthan and Mahendran’s [8] values given in Table 2. Since the 
experimental and numerical results did not agree well, a new set of apparent thermal 
conductivity values was proposed as given in Table 2 for use in this study. 
 
The proposed apparent thermal conductivity values are different from those of Keerthan and 
Mahendran [8]. As seen in Table 2, the complete plasterboard fall-off temperature was 
1150oC in this study while it was 1000oC in Keerthan and Mahendran’s [8] study. This might 
be due to the improved plasterboard quality resulting in less cracking at elevated 
temperatures and the improved connectivity between LSB studs and plasterboards, where 
screws penetrate through both the inner and outer flanges (see Fig. 2).  
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3.3.2. Steel 
Previous researchers [8, 20] stated that although steel is a highly conductive material, the 
influence of steel studs on the thermal heat transfer process in LSF walls is less significant as 
they are made of thin steel. Previous researchers used the thermal properties given in 
Eurocode 3 Part 1.2 [21]. The thermal properties of steel embedded in SAFIR are also based 
on Eurocode 3 Part 1.2 values. These values given next were used to model the LSF walls 
made of HFC section studs. 
 
The thermal conductivity (k) values in W/m/oK of steel as a function of temperature (T in oC) 
are given by Eqs. 3(a) and (b). 
For CTC oo 80020   
Tk 21033.354                       (3a)  
For CTC oo 1200800   
3.27k                    (3b)  
The specific heat values (Cp) in J/kg/°C of steel as a function of temperature (T in oC) are 
given by Eqs. 4(a) to (d). There is a peak in the specific heat value at 730oC due to a 
metallurgical change.  
For CTC oo 60020   
36231 1022.21069.11073.7425 TTTC p
                (4a) 
For CTC oo 735600   
)738/(13002666 TC p                            
(4b) 
For CTC oo 900735 
 
)731/(17820545  TC p  
J/kg/°C                (4c) 
For CTC 00 1200900 
 
650pC  
J/kg/°C                  (4d) 
 
3.3.3. Rockwool Insulation 
Keerthan and Mahendran [9] conducted a detailed experimental study, and proposed suitable 
thermal property values for rockwool insulation used in Australia, and these values given 
next were used in this study. The specific heat and density values are 840 J/kg/°C and 100 
kg/m3, respectively, at any given temperature. The convective co-efficients are 25 and 10 
W/m2/K on the exposed and unexposed sides, respectively, while the emissivity values used 
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are 0.9 on the exposed and unexposed sides. Elevated temperature thermal conductivity 
values are given next. 
k = 0.25 + 0.00009T                for  CTC
oo 5500                        (5a)  
k = -1.1385 + 0.0026T             for CTC oo 1200550               (5b)           
 
4. Comparison of FEA and Experimental Results 
4.1. Simulation of Fire Test 1 
All five test wall panels were made of welded HFC studs (LSB) and exposed to the standard 
fire time-temperature curve (Table 1). Test panel 1 was a dual plasterboard lined and 
uninsulated LSF wall with a load ratio of 0.4. Time-temperature profiles of the plasterboard 
surfaces obtained from the fire test were compared with those of SAFIR thermal Finite 
Element Analysis (FEA) results in Fig. 8(a). The experimental plasterboard surface (Pb1-Pb2, 
Pb2-Cavity, Cavity-Pb3, Pb3-Pb4 and AS shown in Fig. 4) temperatures coincide well with 
FEA predictions, and the temperature differences are negligible, except for the Pb1-Pb2 
surface where the temperature difference increased after 80 minutes. The mid-height 
horizontal joint, the weakest part in the outer plasterboard layer (Fig. 5(c)), became weaker, 
resulting in higher amount of heat transfer through it. This led to higher temperatures next to 
the joint (middle of Pb1-Pb2 surface), thus increasing the average Pb1-Pb2 surface 
temperatures. In Fig. 8(b), the bottom plasterboard temperatures (600 mm above the bottom 
track) are compared with the FEA results, which agree well since the presence of mid-height 
plasterboard joint did not affect the bottom plasterboard temperatures. Fig. 8(c) presents the 
outer hot flange (OHF) and outer cold flange (OCF) time-temperature profiles obtained from 
Test 1 and FEA, which agree well. As mentioned earlier, only the stud without the vertical 
plasterboard joint was considered in this comparison. The ambient side temperature from 
FEA did not exceed 165oC, i.e., 1400C + ambient temperature, thus confirming the absence of 
insulation failure in Test 1. These results demonstrate a good accuracy of the developed finite 
element models.  
4.2. Simulation of Fire Test 2 
Test panel 2 was a dual plasterboard lined and uninsulated LSF wall with a load ratio of 0.2. 
Fig. 9(a) presents the comparisons between the average plasterboard time-temperature 
profiles from Test 2 and FEA. FEA predictions of Pb2-Cavity, Cavity-Pb3, Pb3-Pb4 and AS 
time-temperature profiles agree well with test results. However, after 80 minutes, a large 
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difference is observed in the Pb1-Pb2 time-temperature profile due to the presence of a 
horizontal joint at the middle of the outer fire side plasterboard layer (Fig. 5(c)).  
 
As seen in Fig. 9(b), the bottom level Pb1-Pb2 time-temperature profile agrees well with FEA 
predictions as the mid-height horizontal joint does not affect the bottom level temperatures. 
Joint effect causes localised temperature rise on the plasterboard surface (Pb1-Pb2 surface) 
closer to the mid-height horizontal joint region and this increased heat gets distributed before 
it reaches either the bottom Pb1-Pb2 interface or the other plasterboard surfaces. Therefore 
the time-temperature profiles of other plasterboard surfaces agree well. Fig. 9(c) presents the 
outer hot and cold flange temperatures of the steel studs from Test 2 and FEA, which agree 
reasonably well. Both FEA and fire test results confirmed the absence of insulation failure.  
4.3. Simulation of Fire Test 3  
Test panel 3 was a single plasterboard lined and uninsulated LSF wall with a load ratio of 0.2. 
Figs. 10(a) and (b) present the comparison between the average plasterboard and stud surface 
time-temperature profiles from Test 3 and FEA, which reasonably agree well with each other, 
and any resulting temperature deviations are on the conservative side. Based on the FEA 
results (Fig. 10(a)), the insulation failure occurs at 91 minutes, which agrees closely with the 
insulation failure time of 98 minutes in the fire test (Table 1). 
4.4. Simulation of Fire Test 4 
Test panel 4 was a dual plasterboard lined and insulated LSF wall with a load ratio of 0.2. 
The comparisons between the average plasterboard time-temperature profiles from Test 4 and 
FEA are shown in Fig. 11(a), which shows a reasonable agreement. There is a sudden 
temperature rise closer to the failure point due to large wall movements near the structural 
failure, resulting in the increased severity of partial plasterboard fall-off, and associated 
higher plasterboard temperatures. 
Fig. 11(b) shows a good agreement between the outer hot and cold flange time-temperature 
profiles of steel studs from Test 4 and FEA. It is difficult to predict the temperatures more 
accurately using FEA in cavity insulated LSF walls due to the large level of imperfections in 
the placement of the insulation during their fabrication process. Insulation failure did not 
occur in this test. 
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4.5. Simulation of Fire Test 5 
Test panel 5 was a dual plasterboard lined and uninsulated LSF wall with a load ratio of 0.6. 
Figs. 12(a) and (b) present the average time-temperature profiles of the plasterboard and steel 
stud surfaces from Test 5 and FEA, which show a good agreement. Both FEA and test results 
confirmed the absence of insulation failure. 
In summary, the developed finite element models were able to predict the thermal 
performance of LSF walls made of HFC section studs quite well, in particular when the 
effects of plasterboard joints are minimal. They can be extended to the thermal analyses of 
other LSF walls since plasterboard joint effects can be minimised using simple modifications 
[22]. A good understanding of the influence of various parameters on the thermal 
performance of LSF walls is needed to develop comprehensive fire performance data of LSF 
walls made of HFC section studs, and thus to facilitate the development of LSF walls with 
superior fire performance. Therefore a detailed parametric study was undertaken to study the 
effects of critical parameters on the thermal performance of LSF walls. 
5. Parametric Study on the Thermal Performance of LSF Walls  
This parametric study was undertaken by extending the developed thermal finite element 
models in the last section to study the effects of stud geometry (depth, width, thickness and 
profile), stud spacing and wall configuration on the thermal performance of LSF walls 
exposed to fire on one side. Since the focus was on the fire performance of load bearing walls 
that depends on the stud temperatures, only the stud outer hot and cold time-temperature 
profiles are presented and discussed. 
5.1. Effect of Stud Depth  
LSF walls can be made of HFC section studs with varying depths. There had been hardly any 
investigations conducted to determine the effect of stud depth on the thermal performance of 
LSF walls under standard fire conditions. In this study the effects of varying stud depths (60, 
90 and 150 mm in Fig. 13) on the thermal performance of uninsulated LSF walls lined with 
single and dual plasterboard layers were investigated. Flange width, flange depth and 
thickness were maintained as 45, 15 and 1.6 mm, respectively. Figs. 14(a) and (b) present the 
SAFIR thermal analysis results of studs (outer hot and cold flange time-temperature profiles). 
As seen in Figs. 14(a) and (b), the deviations in the outer hot and cold flange time-
temperature profiles among LSF walls made of studs with different depths are negligible. 
This might be due to the fact that although the depth changes, the heat flow through the steel 
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stud does not change as the stud thickness remains the same. Such negligible effect on the 
thermal performance of LSF walls implies that the same time-temperature profiles can be 
used to evaluate the structural FRR of load bearing LSF walls with the same wall 
configurations but with varying section depths, using suitable fire design equations or 
structural finite element (FE) modelling. 
5.2. Effect of Stud Flange Width  
The flange width varies between different LSF wall studs. However, the effect of flange 
width on the thermal performance of LSF walls is not known. In this study the thermal 
performances of LSF walls made of HFC section studs with flange widths of 30, 45 and 60 
mm were evaluated (Fig. 15). Stud depth, flange height and thickness were maintained as 
150, 15 and 1.6 mm, respectively. Thermal analyses were performed using SAFIR for 
uninsulated and insulated LSF walls lined with single and dual plasterboard layers. Figs. 
16(a) to (c) present the outer hot and cold flange time-temperature profiles of studs obtained 
from these analyses. 
 
The outer hot flange time-temperature profiles are almost the same for studs with different 
flange widths, but the outer cold flange time-temperature profiles varied slightly. As seen in 
Fig. 16(c), up to 80 minutes, there are not much variations in the cold flange time-
temperature profiles of studs with different flange widths due to the plasterboard dehydration 
process. Thereafter the variation increases with time and after about 125 minutes, the 
variation remains the same. As seen in Figs. 16(a) and (c), there is only a difference of 25 and 
50oC in the cold flange temperatures of uninsulated and insulated LSF walls lined with dual 
plasterboard layers and made of studs with flange widths of 30 and 60 mm. This shows the 
use of LSF wall studs with larger flange widths reduces the outer cold flange temperatures. 
This can lead to larger differences between the outer hot and cold flange temperatures, 
resulting in higher thermal bowing deflections and induced bending actions. Despite this, the 
influence of cold flange temperatures on the load bearing capacity of LSF walls is expected 
to be low. Therefore it can be concluded that the change in stud flange width hardly impacts 
the FRR of load bearing LSF walls with the same configurations. 
5.3. Effect of Stud Thickness  
This section investigates the effect of stud thickness on the thermal performance of LSF walls 
under standard fire conditions. LSF walls made of HFC section studs with thicknesses of 0.6, 
1.6, and 3.0 mm were considered. Stud depth, flange width and depth were maintained as 
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150, 45 and 15 mm, respectively. Thermal analyses were performed for uninsulated and 
insulated LSF walls lined with dual plasterboard layers. Figs. 17(a) to (d) present the outer 
hot and cold flange time-temperature profiles of studs obtained from these FEA.  
 
Figs. 17(a) to (d) show that the increase in steel thickness reduces the hot flange temperatures 
while increasing the cold flange temperatures, irrespective of the type of wall configurations. 
This observation is the same as that of Feng et al. [6]. There are differences between the outer 
hot flange temperatures of 0.6 and 3 mm thick steel studs, i.e., the outer hot flange 
temperatures of 0.6 and 3 mm studs reached 500oC at 150 and 180 minutes in uninsulated 
walls. The temperature differences are larger in insulated LSF walls than those in uninsulated 
walls (see Fig. 17(a) and (c)) , i.e., the outer hot flange temperatures of 0.6 and 3 mm studs 
reached 600oC at 110 and 190 minutes in cavity insulated walls. In cavity insulated LSF 
walls, time-temperature profiles are the same for the first 60 minutes for all the studs, and 
after which the differences increase up to 120 minutes. As seen in Fig. 17(c), there is a 
difference of 250oC between the outer hot flange temperatures of 0.6 and 3 mm steel studs at 
120 minutes, and thereafter the temperature difference reduces with time and at 180 minutes 
it is about 200oC. Figs. 18 and 19 present the temperature distribution across the uninsulated 
and cavity insulated LSF walls made of 150x45x15x1.6 mm HFC studs at 120 and 180 
minutes. These figures clearly demonstrate the influence of steel studs on the temperature 
developments of cavity insulated LSF walls. FEA were also performed for single 
plasterboard lined and uninsulated LSF walls with varying stud thicknesses, and their time-
temperature profiles also displayed similar characteristics to those of uninsulated and dual 
plasterboard lined LSF walls. Further details can be found in Kesawan [23]. 
 
The use of thicker steel results in lower hot flange temperatures and higher cold flange 
temperatures, making it difficult to quantify the effect of stud thickness on the FRR of LSF 
walls based on thermal FEA only. The change in outer cold flange temperature is less in 
comparison to that in outer hot flange temperature. Therefore the increase in stud thickness is 
more likely to give increased FRR as the structural performance of load bearing LSF walls in 
fire mostly depends on the stud hot flange temperatures [24]. However, detailed structural 
analyses are needed to confirm this.  
 
Effect of steel stud thickness on the thermal performance of LSF wall systems was given less 
importance by the previous researchers as traditionally it was believed that the influence of 
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thin steel studs on the thermal performance of LSF walls is negligible. However, this study 
confirms that stud thickness influences the thermal performance of LSF walls, especially in 
cavity insulated LSF walls, and thus also the FRR of load bearing walls. It should be noted 
that the influence of steel thickness on the time-temperature profiles of uninsulated LSF walls 
is not significant in comparison to that of insulated LSF walls. The time-temperature curves 
of LSF walls made HFC sections with different thicknesses given in Figs. 17(a) to (d) can be 
used to predict the structural FRR of LSF walls made of HFC sections with varying web 
depth, flange width and thickness using suitable fire design equations or structural FE 
modelling since Sections 5.1 and 5.2 have shown that the effects of web depth and flange 
width are negligible on the thermal performance of LSF walls. 
5.4. Effect of Stud Spacing  
Kodur and Sultan [25] stated that the FRR of LSF walls was affected by the steel stud 
spacing. Therefore the effect of stud spacing on the thermal performance of LSF walls under 
standard fire conditions was investigated by extending the developed FE models. Uninsulated 
LSF walls lined with single and dual plasterboard layers and insulated LSF walls lined with 
dual plasterboard layers with stud spacings of 450 and 600 mm were considered. Figs. 20(a) 
to (c) present the FEA results of outer hot and cold flange time-temperature profiles. As seen 
in these figures, the time-temperature profiles of steel studs did not change much due to 
varying stud spacing. Therefore it is concluded that the effect of stud spacing on the thermal 
performance of LSF walls is negligible, irrespective of the type of wall configurations. 
5.5. Effect of Stud Section Profiles  
The LSF wall studs can be made of different section profiles, HFC section, conventional 
LCS, back to back LCS and LCS with intermediate stiffeners. The unknown effect of these 
section profiles on the fire performance had inhibited innovation in using studs with different 
section profiles. This section evaluates the thermal performance of LSF walls made of studs 
with five different section profiles shown in Fig. 21 using the thermal FE models developed 
as shown in Figs. 22(a) to (e). 
 
As seen in Figs. 23(a) and (b), the outer hot and cold flange time-temperature profiles of LSF 
walls made of the five different stud sections coincide with negligible variations among them. 
This indicates that the use of hollow flanges or intermediate stiffeners in the web do not cause 
any influence on the temperature developments of steel studs. As evident from Fig. 23, the 
varying stud section profiles do not affect the thermal performance of load bearing LSF walls 
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under standard fire conditions, thus the same time-temperature profiles can be used to 
evaluate the structural FRR of load bearing LSF walls with the same wall configurations but 
with varying section profiles using suitable fire design equations or structural FE modelling. 
5.6. LSF Walls Made of Different Wall Configurations 
Thermal performances of LSF walls with different configurations (Fig. 24) were also 
evaluated. Fig. 25 presents the outer hot and cold flange time-temperature profiles of HFC 
section studs obtained from FEA. The outer hot flange temperatures of the cavity insulated 
LSF wall panel are considerably higher than all the other panels lined with dual plasterboard 
layers. FRR of load bearing LSF walls can be predicted based on the assumption that stud 
failure occurs at a critical temperature for a given load ratio. If this critical temperature is 
500oC, FRR of LSF walls made of HFC sections with the four wall configurations in Fig. 24 
are predicted as 115, 165, 185 and 290 minutes in Fig. 25. LSF walls lined with three 
plasterboard layers performed quite well (290 mins) and this was followed by externally 
insulated LSF walls lined with dual plasterboard layers (185 mins). As expected, the LSF 
wall lined with single plasterboard layer showed the worst thermal performance under fire 
conditions. Based on these findings, LSF walls lined with three plasterboard layers should be 
used when walls with considerably higher FRR are required. However, fire tests must be 
conducted to prove the predicted FRR of uninsulated LSF wall panels lined with three 
plasterboard layers as apparent thermal conductivity values may change for these walls. This 
parametric study mainly focused on the time-temperature profiles of the hot and cold flanges 
of steel studs, which can be used to determine the FRR of load bearing LSF walls. For non-
load bearing LSF walls, the ambient side time-temperature profiles from these FEA can be 
used to determine the FRR based on the insulation criterion (165oC).  
 
6. Conclusions 
This paper has presented the finite element models developed to simulate the thermal 
performance of LSF walls made of welded HFC section studs under fire conditions using 
SAFIR. Keerthan and Mahendran’s [8, 16] elevated temperature thermal properties (specific 
heat, density, emissivity and enthalpy) of LSF wall components were used. However, a new 
set of apparent elevated temperature thermal conductivity values, which implicitly accounts 
for the many complex phenomena involving heat and mass transfer, shrinkage, and 
plasterboard cracks, was proposed for gypsum plasterboards used in LSF walls made of HFC 
section studs. The developed LSF wall models were validated using the results of five full 
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scale fire tests. The measured average plasterboard and stud surface time-temperature profiles 
from the fire tests agreed well with the finite element analysis results. The models were able 
to predict the temperature development in studs accurately for those without any 
plasterboards joints.  
 
The developed models were then extended to perform a detailed parametric study to 
investigate the effects of stud geometry (depth, width, thickness and profile), stud spacing 
and wall configuration on the thermal performance of load bearing LSF walls exposed to 
standard fire on one side. The effects of stud depth, stud flange width, stud section profile and 
stud spacing on the thermal performance of load bearing LSF walls were found to be 
negligible, while steel stud thickness considerably affected the thermal performance of LSF 
walls, particularly in cavity insulated walls. The thermal performance of uninsulated and 
single plasterboard lined LSF walls made of HFC section studs exposed to Eurocode 
parametric fire curves was also investigated, which showed that some of them considered are 
more critical than the standard fire curve. The developed finite element models and the fire 
performance data would allow engineers to predict the fire resistance rating of LSF walls 
made of HFC sections, facilitate the development of LSF walls with superior fire 
performance, and enable a performance based approach to the fire design of LSF walls.  
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(a) Defining the geometry 
 
(b) Defining the surfaces 
 
(c) Generating meshes 
 
(d) Defining the boundary conditions 
 
Figure 1: Modelling in SAFIR 
 
 
 
 
 
 
 
 
 
 
 
F20 – Ambient side 
FISO – Fire side 
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(a) 120 minutes 
   
Figure 2: Temperature Contours in Dual Plasterboard Lined and Uninsulated LSF 
Walls Made of 150x45x15x1.6 mm HFC Section Studs 
 
     
 
   
    
(a) 120 minutes 
     
(b) 180 minutes 
Figure 3: Temperature Contours in Dual Plasterboard Lined and Cavity Insulated LSF 
Walls Made of 150x45x15x1.6 mm HFC Section Studs 
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Figure 4: Studs of Different Section Profiles 
 
 
 
 
(a) HFC section (b) Conventional LCS 
(c) Back to back LCS 
(d) LCS with 
intermediate 
stiffeners - A 
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Table 1: Standard Fire Test Results of LSF Walls Made of Welded HFC Studs 
 
  Test 1 Test 2 Test 3 Test 4 Test 5 
      
Load (kN) on each stud 83.0 41.5 41.5 41.5 124.5 
Load Ratio 0.4 0.2 0.2 0.2 0.6 
Failure Time 
(struct/Ins/Int) 
180/-/- 205/-/- 136/98/- 182/-/- 138/-/- 
Failure 
Temperature 
(oC) 
OHF 569 706 745 739 525 
OCF  508 573 582 297 390 
 
Note: Struct - Structural, Ins - Insulation, Int – Integrity, OHF – Outer hot flange, OCF- 
Outer cold flange 
 
 
Table 2: Thermal Conductivity Values of Gypsum Plasterboards 
 
 
 
 
 
 
 
Keerthan and Mahendran [8] Proposed 
Temperature (°C ) 
Thermal 
Conductivity 
(W/m/oK) 
Temperature 
(°C ) 
Thermal 
Conductivity 
(W/m/oK) 
0 0.25 0 0.25 
140 0.25 140 0.25 
150 0.15 150 0.13 
300 0.15 300 0.13 
800 0.18 800 0.18 
1000 0.40 1150 0.30 
1001 0.80 1151 0.80 
4000 10.00 4000 10.00 
